Purpose: To compare changes that occur at the posterior corneal surface after the implantation of intracorneal ring segments (ICRSs) using either mechanical or femtosecond laser-assisted procedures and to correlate these changes with the visual outcome achieved.
K
eratoconus is a progressive, bilateral, and usually asymmetrical ectatic corneal disease, which is characterized by paraxial stromal thinning and weakening that leads to anterior corneal surface distortion. [1] [2] [3] [4] [5] [6] [7] [8] This anterior corneal distortion induces an increase in regular and irregular astigmatism and therefore of both lower-and higher-order corneal aberrations. [1] [2] [3] [4] [5] [6] [7] [8] The biomicroscopic findings in keratoconus, such as stromal thinning and posterior stress line, suggest that posterior corneal shape may be altered, possibly independent of that of the anterior surface. Tomidokoro et al 9 found that both anterior and posterior curvatures were affected in keratoconus and also in keratoconus suspect eyes. In these 2 groups of corneas, they found significantly larger values of spherical power, regular astigmatism, and higher-order irregularity in the posterior surface when compared with normal controls. Their results indicate that local protrusion occurs not only in the anterior corneal surface but also in the posterior corneal surface of keratoconic eyes. Therefore, it seems clear that manifestations of keratoconus also occur at the posterior corneal surface, even in early stages of the disease. The presence of a significant irregularity at the posterior corneal surface can have an influence on the retinal image quality, although the optical contribution of this surface is limited because it separates 2 media with refractive indices of close values.
Intracorneal ring segments (ICRSs) have been proposed and investigated as a surgical treatment option for keratoconus, [10] [11] [12] [13] [14] [15] [16] providing an interesting alternative aimed to delaying and prevent a corneal graft in patients with keratoconus. 13, 14 This kind of surgical treatment has been proven to be effective in improving visual acuity, reducing the refractive error and mean keratometry. 13, 14 It has been demonstrated that the addition of an ICRS at the corneal midperiphery induces a displacement of the local anterior surface forward at this area. 17 This modification in a normal cornea leads to a peripheral steepening and a flattening of the central portion of the anterior corneal surface due to the morphologic structure of corneal lamellae. 17 Similar behavior has been observed in keratoconic corneas, [11] [12] [13] [14] [15] [16] although the response to the insertion of the implants seems to be more variable and complex. It should be considered that the stromal configuration is altered in the ectatic cornea, with a nonorthogonal lamellar architecture. 18 However, there are no studies reporting the type of changes occurring at the posterior corneal surface after ICRS implantation.
The aim of the current study was to analyze and compare changes that occur at the posterior corneal surface evaluated by means of a Scheimpflug imaging-based system after ICRS implantation using either the mechanical procedures or the femtosecond laser-assisted procedures. Furthermore, the correlation among these corneal elevation changes and the visual outcome achieved were also investigated.
MATERIALS AND METHODS

Patients
This retrospective, nonrandomized, and interventional case series comprised 223 consecutive eyes of 186 patients with keratoconus that were implanted with ICRSs (KeraRing; Mediphacos, Belo Horizonte, Brazil) from August 2006 to August 2009 in Kartal Training and Research Hospital (Istanbul, Turkey). The mean patient age was 24.33 years (SD = 5.47; range, 16-39 years). All patients had a clear central cornea, and only patients dissatisfied with spectaclecorrected and contact lens-corrected vision were considered for ICRS implantation. Exclusion criteria were corneal thickness of 400 mm or less at the location where ICRS inserts were going to be placed (5-mm optical zone) in patients with a history of eye rubbing, acute hydrops, herpes keratitis, corneal dystrophies, diagnosed autoimmune disease, systemic connective tissue disease, and any other type of ocular active ocular disease. All patients were informed about the surgical procedure and its advantages and risks. During the process of consent for this surgery, consent was taken to later include clinical information in scientific studies. The informed consent obtained from patients was in accordance with the Declaration of Helsinki. All patients completed at least a 6-month follow-up. The mean follow-up time was 17.1 ± 7.5 months (range, 6-24 months).
Surgical Procedure
All surgical procedures were performed under topical anesthesia by the same experienced surgeon (A.K.). The creation of corneal tunnels for ICRS implantation was performed by means of a mechanical dissection in 168 eyes (75.3%) and by means of femtosecond technology in 55 eyes (24.7%). For the creation of corneal tunnels by mechanical dissection, the Pentacam corneal thickness profile at the 5-mm corneal diameter zone was first analyzed to evaluate the viability of the surgery. Then, the pupil center was detected and marked as a reference point, and the ring location area was marked. The entry incision was made on the steepest corneal axis using a calibrated diamond blade. The tunnel depth was set at 70% of the thinnest corneal thickness. A suction ring (Moria, Inc) was then placed to minimize decentration, and the corneal tunnel was created by advancing within the corneal tissue a curved spatula in a counterclockwise and later in a clockwise direction. When the femtosecond technology was used, the corneal tunnel entry was made on the steepest corneal axis using the 15-kHz femtosecond laser (IntraLase; Advanced Medical Optics, Inc, Santa Ana, CA) and then the tunnels were created. In all cases, the tunnel depth was set at 70% of the thinnest corneal thickness. The inner to outer diameter of tunnels was set from 4.8 to 5.6 mm, the ring energy used for channel creation was 1.30 mJ, and the entry cut energy was 1.30 mJ. No particular inclusion/exclusion criteria were used in the current retrospective analysis for using mechanical or femtosecond techniques. Femtosecond technology was only applied when it was available at the hospital.
In all cases, KeraRing segments with an arc length of 160°( Mediphacos) were implanted using the manufacturer's forceps after tunnel creation. The segment thickness was determined based on the area of ectasia and spherical equivalent (SE) values according to the manufacturer's nomogram (Table 1) . Lomefloxacin 0.3% (Okacin) and dexamethasone 0.1% (Dexa-Sin SE) eye drops were prescribed to be applied 2 times a day for 2 weeks after the surgery.
Follow-up Examinations
A complete ophthalmic examination was performed in all eyes preoperatively and at 1 month and 3, 6, 18, and 24 months after ICRS implantation, including uncorrected distance visual acuity (UDVA), corrected distance visual acuity (CDVA), manifest subjective refraction, and corneal topographic analysis using a Scheimpflug photography-based system (mean keratometric reading in the 3-mm central zone and elevation data). UDVA and CDVA were measured in decimal Snellen and converted to the logarithm of the minimum angle of resolution for statistical analysis. Anterior and posterior corneal curvature and elevation measurements were obtained with the Scheimpflug camera system Pentacam HR (Oculus Optikgeräte, Wetzlar, Germany). With this system, a rotating Scheimpflug camera takes 100 images with 500 measurement points on the anterior and posterior corneal surfaces over a 180-degree rotation around the optical axes of the eye. The elevation data from these images are combined to form a 3-dimensional reconstruction of the corneal structure. In the current study, the high-resolution mode was used to obtain 50 images of each eye. It has been demonstrated that the Pentacam technology provides repeatable and reproducible pachymetric and geometrical measurements (anterior and posterior curvature, asphericity, elevation). [19] [20] [21] [22] [23] Specifically, Pentacam software version 6.02r10 was used in the current series (Fig. 1) .
The best-fit sphere (BFS) for the posterior corneal surfaces in the central 4.5 mm was obtained in all cases. In addition, measurement of the maximum elevation for the anterior and posterior corneal surfaces was recorded in all cases at each visit [anterior maximum elevation (AME) and posterior maximum elevation (PME)]. This parameter was defined as the highest elevation value of the multiple readings in each quadrant of the numerical elevation map in a 4.5-mm zone. The reason for the selection of this area of analysis was the limitation observed in the reconstruction of the posterior corneal surface for larger diameters after ICRS implantation. Specifically, the software of the Pentacam system was not able to reconstruct the posterior corneal surface behind the location of the ring segments and then only the central area of the cornea could be analyzed with accuracy. Figure 1 shows a picture of such limitation (not continuous delimitation of the posterior corneal surface). All Scheimpflug pictures taken in the study with the Pentacam system were reviewed carefully to ensure that the central area of the posterior cornea was properly reconstructed and analyzed (complete and adequate tracing at this area). Elevation measurements derived from Scheimpflug images not showing an adequate tracing of the central portion of the posterior corneal surface were ruled out and not included in the analysis. It should be considered that the interest in studying the maximum elevation lay in knowing if the maximum difference with the mean curve fitting best to the corneal contour changed. This maximum elevation revealed how the cornea differed from a spherical curve, and it was expected to be largest when there were significant local variations of curvature, such as in keratoconus. For this reason, we did not use the same spherical curve for all cases as a reference when calculating the maximum elevation. The aim of the elevation data analysis was to evaluate if this maximum elevation decreased significantly and then the level of irregularity with respect to the best spherical fit to the corneal contour. Theoretically, maximum elevation for the anterior and posterior corneal surfaces should diminish after ICRS implantation because a corneal regularization is induced, which avoids the effect of the keratoconic corneal protrusion. FIGURE 1. Example of a Scheimpflug scan obtained by means of the Pentacam system in 1 eye with keratoconus implanted with intracorneal ring segment from the sample of the current study. As shown, a limitation in the reconstruction of the posterior corneal surface behind the location of the ring segments is present (white circles). Specifically, the software of the Pentacam system is not able to reconstruct the posterior corneal surface behind the location of the ring segments and then only the central area of the cornea can be analyzed with accuracy.
Statistical Analysis
SPSS statistics software package version 11.0 for Windows (SPSS, Chicago, IL) was used for statistical analysis. Normality of all data samples was first checked by means of the KolmogorovSmirnov test. When parametric analysis was possible, the Student t test for paired data was performed for all parameter comparisons between preoperative and postoperative examinations and the Student t test for unpaired data was used for evaluating differences among corneal tunnelization groups (mechanical vs. femtosecond). On the contrary, when parametric analysis was not possible, the Wilcoxon rank sum test was applied to assess the significance of differences between preoperative and postoperative data and the Mann-Whitney test was applied to evaluate differences among corneal tunnelization groups. The same level of significance (P , 0.05) was used in all cases. Correlation coefficients (Pearson or Spearman depending on whether a normality condition could be assumed) were used to assess the correlation between different variables.
RESULTS
A total of 83 men (44.6%) and 103 women (55.4%) were included in this study. Only 37 cases were bilateral. The overall sample of eyes (223 eyes) was divided into 2 groups according to the surgical technique used for the creation of the channels where the ring segments were going to be implanted: eyes with ICRS implantation using the mechanical dissection (mechanical group, 168 eyes) and eyes with ICRS implantation using the femtosecond technology (femtosecond group, 55 eyes). As shown in Table 2 , no significant differences were found preoperatively between these 2 groups in age, visual acuity, central pachymetry, and anterior and posterior corneal shape configuration (Mann-Whitney test, P $ 0.17). Only the preoperative SE differed significantly between groups, with a trend to a more negative SE in the femtosecond group (Mann-Whitney test, P = 0.01). In addition, no significant differences were found in the surgical planning between groups (Mann-Whitney test, P $ 0.05).
Visual and Refractive Outcomes
In both the groups, a statistically significant improvement in UDVA (Wilcoxon test: mechanical, P , 0.01; femtosecond, P , 0.01) and CDVA (Wilcoxon test: mechanical, P , 0.01; femtosecond, P , 0.01) was found at 1 month after the surgery (Fig. 2) . In addition, significant changes were also observed during the follow-up in the mechanical group: improvement in CDVA between postoperative months 1 and 3 (Wilcoxon test, P = 0.01) and improvement in UDVA between postoperative months 3 and 6 (Wilcoxon test, P , 0.01) (Fig. 2) .
The significant improvement in UDVA was consistent with the significant reduction in the SE found in both the groups at 1 month after the surgery (Wilcoxon test: mechanical, P , 0.01; femtosecond, P , 0.01) (Fig. 3) . Furthermore, in the mechanical group, an additional reduction of the SE was found between 1 and 3 months postoperatively (Wilcoxon test, P = 0.04).
When the comparison for visual acuity and refractive outcomes was performed between both the groups, no statistically significant differences were found in UDVA (Mann-Whitney test: 1 month, P = 0.95; 3 months, P = 0.73; 6 months, P = 0.67; 12 months, P = 0.75; 18 months, P = 0.82; and 24 months, P = 0.49) and CDVA (Mann-Whitney test: 1 month, P = 0.74; 3 months, P = 0.81; 6 months, P = 0.98; 12 months, P = 0.99; 18 months, P = 0.46; and 24 months, P = 0.22) during all followups. Regarding the SE, the same trend was observed (MannWhitney test: 1 month, P = 0.81; 3 months, P = 0.30; 6 months, P = 0.31; 12 months, P = 0.88; 18 months, P = 0.69; and 24 months, P = 0.47) (Fig. 3) . (Fig. 4) . No significant changes were observed later in any of the groups (Wilcoxon test: mechanical, P $ 0.57; femtosecond, P $ 0.21). Regarding the maximum elevation, a statistically significant reduction of this parameter for both corneal surfaces was observed at 1 month after the surgery (Wilcoxon test: mechanical, P , 0.01; femtosecond, P , 0.01) (Fig. 5) . Additional significant reductions were observed for both the groups between postoperative months 1 and 3 (Wilcoxon test: Values are represented as mean ± SD (range). *P values for the comparison between both the groups are shown for each parameter evaluated. F, female; M, male; PBFS, posterior best-fit sphere.
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mechanical, P , 0.01; femtosecond, P , 0.01) and between months 3 and 6 (Wilcoxon test: mechanical, P , 0.01; femtosecond, P # 0.03). However, at 12 months after the surgery, a small but statistically significant increase of PME was observed for both the groups (Wilcoxon test: mechanical, P , 0.01; femtosecond, P = 0.01), with a significant posterior partial recovery of this reduction at 18 months (Wilcoxon test: mechanical, P = 0.04; femtosecond, P , 0.01). At 24 months, no significant changes in maximum corneal elevation were detected in any of the groups (Wilcoxon test: mechanical, P = 0.38; femtosecond, P = 0.11). When comparing the posterior maximum corneal elevation between groups, no significant differences were found at any time point of the follow-up (Mann-Whitney test: 1 month, P = 0.41; 3 months, P = 0.20; 6 months, P = 0.37; 12 months, P = 0.83; 18 months, P = 0.71; and 24 months, P = 0.79). The posterior BFS for a 4.5-mm diameter increased significantly at 1 month after the surgery in both the groups (Wilcoxon test: mechanical, P , 0.01; femtosecond, P , 0.01) (Fig. 6 ). Additional increments of the posterior BFS were observed in both the groups between postoperative months 1 and 3 (Wilcoxon test: 4.5 mm, mechanical, P , 0.01; femtosecond, P = 0.05), in the mechanical group between postoperative months 18 and 24 (Wilcoxon test, P = 0.02), and in the femtosecond group between postoperative months 3 and 6 (Wilcoxon test, P = 0.02) (Fig. 6) . No significant differences between groups were observed in the posterior BFS at any time point of the follow-up (Mann-Whitney test: 1 month, P = 0.61; 3 months, P = 0.47; 6 months, P = 0.22; 12 months, P = 0.97; 18 months, P = 0.94; and 24 months, P = 0.36).
In the mechanical group, very poor correlations were found between the change in the posterior BFS and the immediate postoperative visual and refractive outcomes (1 month: change in BFS-UDVA, r = −0.07 and P = 0.38; change in BFS-CDVA, r = −0.01 and P = 0.95; and change in BFS-SE, r = 0.13 and P = 0.14). Poor correlations were also found among the change in the posterior BFS and the late postoperative visual and refractive outcomes (24 months: change in BFS-UDVA, r = 0.12 and P = 0.28; change in BFS-CDVA, r = 0.10 and P = 0.38; change in BFS-SE, r = 0.10 and P = 0.39). Regarding the change in the maximum posterior corneal elevation, statistically significant correlations with vision and refraction were found during the follow-up, although they were weak (1 month: change in PME-UDVA, r = −0.22 and P = 0.01; change in PME-CDVA, r = −0.28 and P , 0.01; change in PME-SE, r = 0.18 and P = 0.02; 24 months: change in PME-UDVA, r = −0.28 and P = 0.01; change in PME-CDVA, r = −0.29 and P = 0.01; change in PME-SE, r , 0.01 and P = 0.99).
In the femtosecond group, poor and no significant correlations were found between the change in PME and in the immediate (1 month: change in PME-UDVA, r = −0.06 and P = 0.68; change in PME-CDVA, r = −0.08 and P = 0.56; change in PME-SE, r = 0.10 and P = 0.54) and late (24 months: change in PME-UDVA, r = −0.26 and P = 0.27; change in PME-CDVA, r = −0.22 and P = 0.30; change in PME-SE, r = 0.08 and P = 0.75) postoperative visual and refractive outcomes. Poor correlations were also found between the change in the posterior BFS and the visual and refractive outcomes but only in the initial postoperative period (1 month: change in BFS-UDVA, r = 0.05 and P = 0.72; change in BFS-CDVA, r = −0.11 and P = 0.42; change in BFS-SE, r = 0.25 and P = 0.11). At the end of the follow-up, the correlation between the visual outcomes and the change in the posterior BFS became statistically significant and stronger (24 months: change in BFS-UDVA, r = −0.43 and P = 0.04; change in BFS-CDVA, r = −0.41 and P = 0.05).
In addition, it should be also considered that a strong and statistically significant correlation was found between the change in the maximum corneal elevation value for both corneal surfaces in both the groups (mechanical group: r = 0.61 and P , 0.01; femtosecond group: r = 0.73 and P , 0.01).
Correlation Among Anterior and Posterior Corneal Surfaces
Changes with surgery in the ratio of the anterior to the PME values were also analyzed in both mechanical and femtosecond groups. In both the groups, a progressive significant reduction of this ratio was observed during the postoperative follow-up (Wilcoxon test: preoperative to postoperative month 24, P , 0.01 for both the groups). In the mechanical group, the analyzed ratio changed from a mean preoperative value of 0.77 (range, 0.43-1.28) to a mean postoperative value of 0.56 (range, 0.35-1.58) at 24 months after the surgery. In the femtosecond group, the analyzed ratio changed from a mean preoperative value of 0.76 (range, 0.57-1.13) to a mean postoperative value of 0.56 (range, 0.36-0.73) at 24 months after the surgery.
DISCUSSION
In the last few years, several authors have reported changes in the posterior corneal surface in early and advanced keratoconic eyes using different topographic systems. 5, 9, 24, 25 Tomidokoro et al 9 reported by using the scanning-slit technology that a local protrusion occurred in both anterior and posterior surfaces of keratoconic corneas. Although the posterior corneal surface may be not optically as important as the anterior corneal surface, 26 its optical contribution can become relevant in keratoconus, especially when the curvature of this posterior surface is high (advanced keratoconus).
11
ICRSs have been proposed and investigated as an additive surgical procedure for keratoconus correction. Several studies have confirmed the efficacy and safety of ICRS implantation in reducing the refractive error and anterior corneal steepening using both mechanical and femtosecond laser-assisted tunnel creation. 11, 16, 27, 28 ICRSs act as spacers between the bundles of corneal lamellae, shortening the central arc length and then inducing a flattening of the central portion of the anterior corneal surface. 17 However, the effect of ICRS FIGURE 5. Changes in the AME PME during the follow-up in the mechanical (dotted lines) and femtosecond (smooth lines) groups.
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implantation on the posterior corneal surface of keratoconus cornea still remains unknown. In the previous experience of our research group, 29 we found a reduction in the posterior corneal curvature after the implantation of Intacs in postlaser-assisted in situ keratomileusis ectatic corneas. We hypothesize that a flattening of the central area of the posterior corneal surface should be also observed in eyes with keratoconus implanted with ICRSs because the anterior and posterior corneal surfaces are parts from the same structure. Indeed, we have recently reported that changes in anterior and posterior corneal surfaces are correlated in keratoconus. 24 Therefore, the aim of the current study was to analyze and compare changes that occur in keratoconic corneas at the posterior corneal surface evaluated by means of a Scheimpflug imaging-based system after ICRS implantation using either the mechanical procedure or the femtosecond laser-assisted procedure. In addition, the correlations between posterior corneal surface changes and the postoperative visual outcome were investigated.
The Scheimpflug technology was used because it allows direct imaging of the posterior cornea. Specifically, the device used in the current study, the Pentacam system, has been proven to provide repeatable measurements of curvature, elevation, and asphericity for the posterior corneal surface in normal eyes.
19-23 However, we observed at the beginning of the study that the Pentacam was not capable of reconstructing the area of the posterior corneal surface behind the ring segments in all cases and then the system was unable to trace the complete contour of the posterior cornea (Fig. 1) . To the best of our knowledge, this is the first time that this type of limitation of a Scheimpflug-based topography system is described. For this reason, only elevation changes of the central portion of the cornea (4.5 mm) were evaluated in the study because it was proven that the corneal contour reconstruction of the posterior corneal surface performed by the system at this area was correct. 19 The manufacturer should consider this limitation in future upgrades of the software because it seems to be only a limitation in the algorithm used for digital Scheimpflug image analysis.
The visual outcomes in the current study confirm the efficacy and safety of this surgical procedure. A statistically significant improvement in UDVA and CDVA was found after the surgery in both mechanical and femtosecond groups, which was consistent with previous findings of other authors. [11] [12] [13] [14] 27, 28, 30 Furthermore, a reduction of the SE was also observed in both the groups, which was consistent with the visual improvement. No significant differences were found between groups in these visual and refractive outcomes. This was consistent with a previous work of our research group comparing also the outcomes achieved with ICRS with the 2 different types of surgical implantation, mechanical and femtosecond guided. 11 The only discrepant finding with this previous article was the absence of statistical significance for the change in CDVA after the surgery in the mechanical group. A reason for this fact could be the lower percentage of advanced keratoconus included in the current sample of eyes. It should be remembered that the aberrometric control has been demonstrated to be significantly poorer in eyes with advanced corneal ectasia. 11 Another factor that could have accounted for this discrepancy was the inclusion in our previous work of patients operated on by several surgeons (multicenter study), and it should be remembered that the mechanical technique is highly dependent on the surgeon. This factor would have introduced a relevant variability in the outcomes because of the less interobserver repeatability of the procedure.
11
Regarding the curvature changes in the anterior corneal surface, all findings were consistent with those previously reported. [11] [12] [13] [14] [15] [16] 27, 28, 30 A significant central flattening occurred after ICRS implantation, which was the reason for the reduction in the myopic SE. This flattening is due to the arc-shortening effect induced by the ICRSs because these implants act as spacer elements between the bundles of corneal lamellae at the mid periphery. 17 As could be expected, this change in curvature was concordant with a significant change in maximum corneal elevation. In this study, we preferred to use elevation data for characterizing the change in corneal shape because it is the primary information derived from the Scheimpflug images obtained with the Pentacam system. Both AME and PME experienced a significant reduction at 1 month after the surgery, but also additional reductions occurred at 3 and 6 months. A consideration is that maximum elevation parameters can be considered as indirect estimators of the level of corneal irregularity (maximum difference with the mean curve fitting best to the corneal contour changed). We believe that the greatest part of the flattening effect occurs during the initial postoperative period according to the keratometric outcomes obtained, and, possibly, the increases in maximum elevation occurring later are the consequence of the regularization of the anterior and posterior corneal contour. This could explain the presence of visual improvements at intermediate periods during the follow-up. Indeed, our research group found nonimmediate corneal aberrometric changes after ICRS implantation in keratoconus. 11, 27 As commented, a significant reduction of the posterior corneal maximum elevation after the surgery was observed, but also a significant increase in the posterior BFS. These findings are logical because if the radius of curvature of a surface increases, the surface is flattened. The increase in posterior BFS after ICRS was not immediate. Changes in this parameter were detected even 3 months after the surgery in both the groups, and this reveals the progressive modeling of the corneal contour. However, in the mechanical group, a significant increase in posterior BFS was observed at the end of the follow-up. This suggests the presence of late biomechanical changes inducing posterior corneal contour modifications in eyes implanted with ICRS using this technique. This may be due to several factors, such as biomechanical keratoconic changes or the stabilization of the tunnelization performed manually. In any case, this slight late modification in the mechanical group did not result in a significant difference in the postoperative outcome obtained with the mechanical and femtosecond-guided techniques at the end of the follow-up. Regarding the changes induced in maximum posterior corneal elevation, they seemed to vary with time. At 12 months after the surgery, a small increase in PME was detected, with a partial but significant recovery at 18 months. This reveals the presence of changes in posterior corneal regularity 1 year after ICRS implantation because the BFS did not change significantly during this period. Therefore, corneal changes still occurred despite the implantation of the ring segments. It should be remembered that the ICRSs are able to model the cornea but not to stop the progression of the ectatic process. 11, 31 These late changes in posterior corneal contour could be the result of keratoconic biomechanical changes. In any case, this is something that should be evaluated and studied more comprehensively in future studies. Furthermore, no significant differences between groups in any posterior corneal elevation changes during the follow-up were detected, which implies that the same central flattening effect is achieved with both types of surgical techniques. Another curious finding was the similar trend observed in the variation of the ratio of the AME to the PME in both mechanical and femtosecond groups. The ratio decreased in both the groups, which implied a larger flattening effect in the anterior corneal surface rather than in the posterior corneal surface. This seems logical because the main objective of the ICRS was to modify the anterior corneal shape, which is the optical surface of the eye with the major contribution to the total ocular refractive power.
As previously commented, correlations between posterior corneal changes and the achieved visual outcome were studied. No statistically significant correlations of the change in the posterior BFS and the visual acuity outcomes were obtained in the mechanical group. However, a limited inverse and statistically significant correlation was found between the late postoperative visual outcome and the change in posterior BFS in the femtosecond group. Specifically, as more significant posterior flattening was induced, the better the visual outcome was. Therefore, the flattening effect generated on the posterior cornea by the ICRS implanted using the femtosecond technology may have an influence on the visual outcome, with a potential clinical impact that can be perceived in some cases by the patient. Possibly, a less predictable and regular flattening effect is induced with the mechanical dissection in the posterior corneal surface, which may limit the potential visual benefit of the posterior corneal change. It has been demonstrated that the mechanical tunnelization for ICRS implantation is a more variable procedure depending on the surgeon's skills, with less control of corneal aberrations from the anterior surface. 11 In the mechanical group, significant negative correlations were found among the change in PME and the postoperative visual outcome, but they were extremely weak. Future studies and simulations should be performed to optimize the nomograms, considering the potential influence of the posterior corneal changes after ICRS implantation on the final visual outcomes. A mathematical modelization of the global change of the corneal structure with these implants would be desirable.
In summary, posterior corneal changes also occur in keratoconic corneas after ICRS implantation. Both the corneal surfaces are flattened in the central area by the effect of the implantation of the ring segments in the corneal mid periphery. This effect is equivalent using the 2 types of surgical procedures for the creation of the corneal tunnels for ICRS implantation, the mechanical dissection, and the femtosecond-guided tunnelization. However, this flattening effect has a positive effect on the visual outcomes only in those eyes operated on with the femtosecond-guided technique. The evaluation of the posterior corneal curvature after ICRS implantation in keratoconic eyes is also a useful tool for having a complete characterization of the ring segment effect. Future studies are necessary to evaluate the changes in posterior corneal aberrations with both types of surgical techniques for ICRS implantation. Posterior corneal changes should be also evaluated with other types of ICRS, such as Intacs. Furthermore, upgrades of the software of the Pentacam system allowing a more precise digital analysis and reconstruction of the posterior corneal surface are necessary. Thus, this specific Scheimpflug-based system will be able to be perform a complete characterization of the posterior corneal contour after ICRS implantation.
